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ABSTRACT 
Two populations of Rivularia-like cyanobacteria were isolated from ecologically 
diverse and biogeographically distant sites. One population was from an unpolluted 
stream in the Kola Peninsula of Russia, whereas the other was from a wet wall in the 
Grand Staircase-Escalante National Monument, a desert park-land in Utah.  Though both 
were virtually indistinguishable from Rivularia in field and cultured material, they were 
both phylogenetically distant from Rivularia and the Rivulariaceae based on both 16S 
rRNA and rbcLX phylogenies. The new putative cryptic genus Cyanomargarita, with 
proposed type species C. melechinii sp. nov., and additional putative species C. calcarea 
are described herein. A new family for these taxa, the Cyanomargaritaceae, is proposed 
for this new genus. 
INTRODUCTION 
With the advent of molecular methods, many phycologists, including those who 
study cyanobacteria, began to recognize the existence of cryptic species (Boyer et al. 
2002, Casamatta et al. 2003, Erwin and Thacker 2008, Joyner et al. 2008, Premanandh et 
al. 2009, Reñé et al. 2013, Johansen et al. 2014, Patzelt et al. 2014, Mühlsteinová et al. 
2014a, 2014b). However, though these papers suggest the existence of cryptic species, 
the species were not formally recognized taxonomically. Subsequently, cryptic species 
have been named in several algal groups, including euglenids (Marin et al. 2003, 
Karnkowska-Ishikawa et al. 2010, Kim et al. 2010, 2013, Linton et al. 2010), 
eustigmatophytes (Fawley et al. 2007, 2015), chlorophytes (Fawley et al. 2005, 2011, 
Fučíková et al. 2014), and cyanobacteria (Osorio-Santos et al. 2014, Pietrasiak et al. 
2014).  
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Some cyanobacterial systematists have suggested the existence of cryptic genera 
as well (Komárek et al. 2014); however, very few cryptic genera have actually been 
described. Pinocchia Dvořák, Jahodárová et Hasler, which is morphologically identical to 
Pseudanabaena Lauterborn, has a phylogenetic position distant from Pseudanabaena, 
and was consequently described as a cryptic genus (Dvořák et al. 2015). Kovacikia 
Miscoe, Pietrasiak et Johansen, which is morphologically similar to Phormidesmis 
Turicchia et al., but molecularly distinct, would also fit the definition of a cryptic genus, 
although the authors did not label it as such (Miscoe et al. 2016). There are also a number 
of pseudocryptic genera (genera defined by morphological traits that are minor or 
phenotypically plastic, and therefore not always expressed in the population) as well, 
such as Nodosilinea Perkerson et. Casamatta, Oculatella Zammit, Billi et Albertano, 
Limnolyngbya X. Li et R. Li, Pantanalinema Vaz et al., and Alkalinema Vaz et al. All of 
the above genera belong to the Synechococcales, an order containing taxa with few 
morphological characteristics (simple filamentous forms, variations in trichome width 
and sheath characteristics). 
Outside of the Synechococcales, few cryptic genera have been recognized. In the 
Chroococcales, Chalicogloea Roldán et al. is similar to Gloeocapsa Kützing, and could 
be considered a cryptic genus (Roldán et al. 2013). There are likely more cryptic genera 
in this order, but identifying them is more problematic because members of the genus are 
difficult to grow in culture, and consequently, fewer sequences are available. In the 
Oscillatoriales, Ammassolinea Hasler et al. is the sole cryptic genus described (Hasler et 
al. 2014), being morphologically inseparable from Phormidium Kützing ex Gomont, as it 
is presently defined. Within the Nostocales, there is much greater morphological 
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complexity than the nonheterocytous orders.  Some pseudocryptic genera have been 
described, including Mojavia Reháková et Johansen in Reháková et al. (2007), 
Dapisostemon Hentschke, Sant’Anna et Johansen in Hentschke et al. (2016), and 
Petalocladus Johansen et Vaccarino in Miscoe et al. (2016). 
 A population of tapering, heterocyte-bearing trichomes embedded in a 
hemispherical to spherical mucilage investment in a small, spring-fed, unpolluted stream 
was recently discovered near the town of Apatity in the Kola Peninsula, Russia. It was 
completely consistent with the description of Rivularia, the type genus of Rivulariaceae, 
which contains tapering, heterocytous taxa. This taxon fit no established species in 
Rivularia, and upon sequencing was determined to be phylogenetically distant from all 
members of that family. A second species belonging to the same clade as the Russian 
material was found, and sequenced several years earlier from a wet wall in the Grand 
Staircase-Escalante National Monument in Utah, USA. These two populations differ 
morphologically and ecologically, and are described herein as two new species in a newly 
proposed genus, Cyanomargarita. This genus cannot be placed in any family-level 
grouping of taxa based on the phylogenetic analyses performed and will be placed in a 
family new to science, the Cyanomargaritaceae.  
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MATERIALS AND METHODS 
Isolation and strain characterization. Both strains of Cyanomargarita were 
isolated from natural populations into unialgal cultures using standard microbiological 
methods, including enrichment plates and direct isolation from the original samples, in 
Z8 medium (Kotai 1972, Carmichael 1986). Cultures were observed under a Zeiss 
Axioskop photomicroscope with both bright field and DIC optics. All morphological 
measurements were obtained using AxioVision 4.8 software provided by Zeiss. Living 
cultures were deposited into the Cyanobacterial Culture Collection at John Carroll 
University, Cleveland, USA. Natural populations of material from which the strain C. 
melechinii APA-RS9 was derived were dried and deposited as an isotype in the 
Herbarium of the Polar-Alpine Botanical Garden-Institute, Kola Scientific Centre of 
RAS, Kirovsk-6, Murmansk Region, Russia, and information about habitat, coordinates 
and locality can be found in the online database Cyanopro (Melechin et al. 2013). The 
dried holotype material of this species was deposited in the Herbarium for Nonvascular 
Cryptogams in the Monte L. Bean Museum, Provo, Utah, USA. Liquid materials of both 
species fixed in 4% formaldehyde, as well as dried materials of C. calcarea, were also 
deposited in the Herbarium for Nonvascular Cryptogams in the Monte L. Bean Museum, 
Provo, Utah, USA. 
Molecular methods. Genomic DNA was extracted following techniques described 
in Pietrasiak et al. (2014). PCR amplification of the 16S rRNA gene was accomplished 
following Osorio-Santos et al. (2014), with the exception that forward primer 8F was 
used instead of forward primer VRF2, for amplification of a longer sequence, starting 
near the beginning of the 16S rRNA gene (Perkerson et al. 2011). The 16S rRNA 
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amplicons were cloned to recover multiple rRNA operons (Siegesmund 2008). PCR 
amplicons and sequences of rbcLX and rpoC1 genes were obtained according to Rudi et 
al. (1998) and Seo and Yokota (2003), respectively. The nifD gene amplification was 
completed using a protocol described in Roeselers et al. (2007). All three protein-
encoding genes (rbcLX, rpoC1, nifD) were directly sequenced, rather than cloned, 
because they are single copy genes in the cyanobacterial genome. All sequences obtained 
in this study were deposited in the NCBI Nucleotide database.  
Phylogenetic analyses. All sequences chosen for alignment and phylogenetic 
analyses were obtained from our internal set of sequences and relevant sequences (chosen 
based on both BLAST searches and named taxon searches) from the NCBI Nucleotide 
database before 1 September, 2016. Sequences were aligned using Mega v. 6.06 (Tamura 
et al. 2013), and checked manually in Microsoft Word (Microsoft Corp., Redmond, 
Washington, USA) to ensure that alignments supported preservation of secondary 
structure (Lukešová et al. 2009, Řeháková et al. 2014). A full list of the OTU’s used can 
be found in the uncollapsed phylogeny in supplemental materials (Fig. S1). 
The public software jModeltest2 (Darriba et al. 2012) was used to determine the 
optimal Maximum Likelihood (ML) model, which was GTR+I+G, and Bayesian analysis 
was subsequently run using this model. Both analyses were run on CIPRES (Miller et al. 
2012). Two runs of eight Markov chains were applied with 10 million generations with 
default settings, sampling every 100 generations. P-distance values for all sequences were 
calculated in PAUP v. 4.02b (Swofford 1998). Graphical representation of the ITS 
structures were created in Adobe Illustrator CS5.1 (Adobe Systems Inc., San Jose, 
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California, USA) based upon secondary structure configurations given by Mfold (Zuker 
2003). 
Phylogenies utilizing 16S rRNA gene sequences can yield ambiguous or 
unsupported trees, and in such cases a multiple loci approach is recommended (da Silva 
Malone et al. 2015, Song et al. 2015). I treated protein coding gene sequences (rbcLX) as 
codons (Fawley et al. 2015), using the Ny98 evolutionary model with equal mutation 
rates (Miller et al. 2012). Baysian Analysis of the rbcLX alignment was conducted with 
two runs of eight Markov chains with 20 million generations, sampling every 100 
generations, also using the GTR+I+G model (Miller et al. 2012, Darriba et al. 2012).  
Line drawings. Drawings were made using stippling technique, completed 
digitally with Wacom Cintiq 24HD Pen Display utilizing the original photos as 
templates. 
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RESULTS 
Phylogenetic analyses. The 16S rRNA gene phylogeny has “strong” support on 
all nodes in the backbone, with the exception of four nodes at the base of the tree marked 
with small light grey circles (Fig. 1). Overall topology of the tree is consistent with recent 
studies of Nostocales (Berrendero et al. 2011, Kaštovský et al. 2014, Hauer et al. 2014, 
Berrendero Gómez et al. 2016, León-Tejera et al. 2016).  
Cyanomargarita forms a cluster of two terminal OTUs corresponding to two new 
species: C. melechinii and C. calcarea, with high support (Fig 1; Fig S1(A,B,C,D)). 
Cyanomargarita is sister to a large clade containing Gloeotrichiaceae, Fortieaceae, 
Aphanizomenonaceae, Nostocaceae, and Tolypothrichaceae. Additionally, 
Cyanomargarita is also related to the Scytonema crispum group, which has an uncertain 
taxonomic position (incertae familiae), falling outside of the Scytonemataceae clade 
defined by the inclusion of the type species, Scytonema hofmannii (the basal clade in Fig. 
1). Cyanomargarita is found outside of the Rivulariaceae, despite the convergent 
morphology between Cyanomargarita and Rivularia. Another piece of evidence 
supporting the independent origin of Cyanomargarita is that representatives of this new 
genus have ITS regions with only one tRNA gene (tRNAIle) across five different 
ribosomal operons (Table 1), which is different from both the Nostocaceae (with two or 
no tRNAs) and the Rivulariaceae (with two tRNAs only). We conclude that, based on 
current phylogenetic evidence, Cyanomargarita requires its own family-level rank, and 
propose the family Cyanomargaritaceae. 
Cyanomargarita has low similarity in 16S rRNA gene sequence with most other 
Nostocalaean taxa (Table 2). The highest similarity was with Gloeotrichia pisum Thuret 
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ex Bornet et Flahault from an alkaline wetland in Ohio, USA (95.4%). However, our new 
taxon differs from members of Gloeotrichia based on the absence of paraheterocytic 
akinetes with well-developed exospore. Moreover, 16S rRNA gene similarity between 
our taxon and a Rivularia strain from Argentina is only about 92.3%.  Historically, less 
than 95% similarity among 16S rRNA gene sequences was considered good evidence for 
separation of prokaryotic genera (Stackebrandt and Goebel 1994), but within the 
heterocytous genera the cutoff is likely higher (<97-98%, see Flechtner et al. 2002, 
Patzelt et al. 2014, Berrendero Gómez et al. 2016). Therefore, the evidence is even 
stronger that Cyanomargarita is a new genus. 
Cyanomargarita is also outside of Rivulariaceae sensu stricto, according to our 
rbcLX phylogenetic analysis (Fig. 2). It is most closely related to the Tolypothrichaceae 
(containing the type species Tolypothrix distorta Kützing ex Bornet & Flahault) and 
diverse Calothrix strains. In contrast, Rivularia forms a well-supported clade with 
Kyrtuthrix, distant from Cyanomargarita (León-Tejera et al. 2016). The rbcLX 
phylogeny, with well supported separate clades of Rivularia and Cyanomargariata, is 
consistent with our conclusion based on the 16S rRNA gene phylogeny that 
Cyanomargarita is not congeneric with Rivularia, and, furthermore, is not in the 
Rivulariaceae. 
ITS analysis. The 16S–23S ITS sequences of C. calcarea are about 50 nucleotides 
longer than the ITS sequences of C. melechinii, likely as a result of insertions flanking 
the tRNAIle gene on the 3ʹ side of the gene (Table 1). In general, secondary structures of 
D1-D1ʹ, V3, and Box B helices show similar structures across both species with minor 
base substitutions in all three domains. Below, I compare the secondary structures of 
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conserved ITS domains for homologous operons in the two species (e.g. operon 1, two 
additional operons were recovered in C. melechinii that were not obtained from C. 
calcarea). The configuration of D1-D1ʹ helices for both species share features seen in 
most members of the Nostocales: a small terminal loop; a sub-terminal bilateral bulge; 
and a basal unilateral bulge on the 3ʹ side of the helix, with a highly conserved basal 
clamp of 5 base pairs (GACCU-AGGUC). Four substitutions across the two species in 
the upper part of the D1-D1ʹ helix were detected, with 3 of those located within the loop 
regions. Another substitution on D1-D1ʹ helix occurs within the basal 3ʹ unilateral bulge, 
a transition mutation from G to A (Fig. 3). The V3 helix was very similar in both species, 
but with some minor differences such as two substitutions in the apical loop and a 
compensatory change in a single base pair in the middle part of the stem (indicated by 
arrows). The V3 helix from operon 3 of C. melechinii has a short insertion (UAAU) 
within the terminal loop (Fig. 3). The Box B structure appears to be variable and 
informative, with a lager terminal loop in operon 1 of C. melechinii. The Box B of operon 
1 in C. calcarea is actually more similar to the Box B of operon 2 of C. melechinii. It is 
not possible to determine whether this is a convergent mutation or gene conversion. In 
this particular case, differences in ITS structures across different operons inside one 
lineage can be more significant than differences detected between homologous operons 
of different species. The overall differences between the ITS sequences from homologous 
operons of the two species exceeds the differences used in the past to justify species 
separation (Osorio-Santos 2014, Pietrasiak 2014, Miscoe 2016).  
Morphology and taxonomy. Based on morphology, ecology, distribution, 16S 
rRNA gene phylogeny, p-distance analyses of 16S rRNA gene, rbcLX phylogeny, 
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analysis of the secondary structure of the 16S–23S ITS region, and p-distance analysis of 
the 16S–23S ITS region, I conclude that the two strains of the Cyanomargarita clade 
appear to be evolutionarily independent lineages distant from representatives of 
Rivulariaceae, with the genus Cyanomargarita gen. nov. belonging to a monogeneric 
family, Cyanomargaritaceae. These taxa will be formally published in a peer-reviewed 
journal as required by the International Code of Nomenclature for Algae, Fungi and 
Plants (McNeill et al. 2012).  The descriptions below are not valid under the code, but 
indicate the provisional taxonomy until the time of publication.  
Cyanomargaritaceae Shalygin, Shalygina et Johansen fam. prov. 
Diagnosis: Morphologically similar to the members of the Rivulariaceae, but 
phylogenetically distinct from that family.  Phylogenetically closest to Gloeotrichaceae, 
with which it bears morphological similarity, but separated from that family by 
phylogeny and the absence of paraheterocytic, elongated akinetes. Molecularly similar to 
the “Scytonema crispum” clade, which is phylogenetically distant from Scytonema sensu 
stricto, but differing from that group by tapering, copious mucilage formation, and 
hemispherical to spherical colony formation. 
Etymology: named for the single genus in the family, Cyanomargarita. 
Type genus: Cyanomargarita Shalygin, Shalygina et Johansen gen. et sp. prov. 
Cyanomargarita Shalygin, Shalygina et Johansen gen. prov. 
Diagnosis: Morphologically similar to Rivularia, but phylogenetically close to the 
clade containing Nostocaceae, Tolypothricaceae, and Aphanizomenonaceae, and 
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phylogenetically distant from all members of the Rivulariaceae, distinct from most other 
Nostocales by the occurrence of only one tRNA gene (tRNAIle) in the 16S–23S 
ITSregion. 
Description: Macroscopic colonies in nature hemispherical to spherical to 
irregularly globular, with tapering trichomes embedded in the colonial mucilage but 
extending outside of the mucilage to impart a fuzzy appearance to the colony. Filaments 
with distinct lamellated sheath, which is often funnel- or collar-like at the distal ends. 
Trichomes typically largest at the base and tapering to a thin hair distally, arranged in 
parallel, singly- or doubly-false branched, sometimes forming concentric layers in large 
colonies. Heterocytes basal or rarely intercalary. Akinetes absent, but large swollen 
arthrospores present in some species. 
Etymology: named for the pearl-like appearance of blue-green colonies growing 
on mosses; cyaneus (L) = greenish-blue; margarita (L) = pearl. 
Type species: Cyanomargarita melechinii 
Cyanomargarita melechinii Shalygin, Shalygina et Johansen sp. prov.  
Description: Natural Populations (Figs 4, 5)  ̶  Macroscopic colonies slimy, 
spherical or hemispherical, with appearance of small blue-green pearls attached to 
mosses, less commonly irregularly shaped, greyish blue-green to blue-green, attached to 
the substrate (in type locality on the submersed moss Fontinalis sp. and on stones), 
growing up to 5 mm in diameter. Filaments more or less radially arranged, sometimes 
arranged in concentric layers in the colony, attenuated towards the ends, densely arranged 
in parallel orientation, abundantly single false branched, with young, short filaments 
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having geminate branching, 12.5 ̶ 18 (21) µm wide near base, rarely with basal parts 
onion-like swollen. Sheaths thin to thick, 1 ̶ 8 µm wide, often strongly lamellated with 3 ̶ 
5 distinct layers, colorless to slightly blackish in old filaments, funnel-like widened at the 
distal ends and near site of branching, rarely firm, compacted to give wavy or transverse 
striations. Trichomes usually gradually widened at base, rarely onion-like swollen, 
sometimes narrowing towards base, gradually tapering towards distal ends, 
unconstructed, slightly constricted to distinctly constricted at cross walls, typically 
constricted in basal part, becoming unconstructed in middle of long, mature trichomes, 
7.5 ̶ 12.5 µm wide near base, distally elongated into long, thin hairs, as narrow as 1 µm 
wide. Cells usually granulated, rarely with large, spherical, clear vesicular spaces devoid 
of thylakoids, bright blue-green to blue-green; when actively dividing as short as 2 µm 
long, near the base shorter than wide to isodiametric, usually longer than wide in middle 
of long mature trichomes, up to 10 µm long, towards ends less intensely pigmented or 
colorless, 8 ̶ 20 (27) µm long. Heterocytes often solitary, rarely in pairs or up to 3 in a 
row, olive-brown in color, usually with enlarged, single polar nodule, spherical, 
hemispherical, slightly conical, oval or cylindrical, elongated, flattened, within or outside 
of sheath, 10 ̶ 15 (16) µm wide, 9 ̶ 18 (20) µm long. Necridia and intercalary involution 
cells present. 
Cultures (Fig. 6) – Macroscopic colonies dark-green to blue-green, spreading far 
from center, with several filaments upright from agar. Filaments entangled, long, in liquid 
Z8 medium forming huge, abundant nodules (20-60 µm wide), on solid medium, 
frequently having single- and double-false branching as well as geminate loops prior to 
branch formation, when young forming Tapinothrix clintonii-like stages with one 
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isopolar filament tapered at both ends fragmenting to produce two heteropolar filaments 
with widened base and tapered ends, rarely, on nitrogen-free medium arranged in parallel 
like representatives of Coleodesmium, (8.1) 10 ̶ 16 µm wide. Sheaths always colorless, 
slightly lamellated, with 2 ̶ 4 layers, usually straight, 1 ̶ 6 µm wide. Trichomes in young 
stages taper, at basal part always clearly constricted, rarely forming long unconstricted 
hairs, 1 ̶ 2 µm wide, in mature stages also distinctly constricted, often slightly tapering or 
untapered but forming conical apical cells, usually long and entangled, releasing small 
tapered hormogonia, or with pairs of cells with zig-zag arrangement at the middle of the 
trichomes, also forming abruptly-conical apical cells on nitrogen-free medium, 3 ̶ 10 µm 
wide. Cells often granulated, bright blue-green to olive-green, when actively dividing 
short, 2 µm long, in middle of long trichomes, 5 ̶ 10 µm long, in the hair 3 ̶ 15 (17) µm 
long, in nitrogen-free medium dividing parallel to filament axis to form a pair of cells 
(preheterocytes?) at the basal end of the trichome. Heterocytes forming only in nitrogen-
free medium, basal, slightly brownish or colorless, of different shapes, from oval or 
spherical to hemispherical, flattened or irregular, often solitary, rarely two in a row or 
two side by side, within or outside of sheath, 5 ̶ 7 µm wide, 4  ̶6 µm long. Necridia, 
intercalary involution cells, and dark-olive resting cells present. 
Etymology: Named in honor of Aleksey Melechin, the lichenologist who 
originally found Cyanomargarita in its type locality and informed the author of its 
existence. 
Holotype to be designated: BRY37764, Monte L. Bean Museum, Provo, Utah. 
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Isotypes to be designated: KPABG(C):3804, Herbarium of the PABGI under 
Rivularia sp., Kirovsk-6, Russia; BRY37765, BRY37766, BRY37767, Monte L. Bean 
Museum, Provo, Utah. 
Type locality: Russia, Kola Peninsula, Murmansk province, Apatity District, 
vicinity of the Apatity town, 67°32'38.4"N; 33°30'14"E, from cold, small, spring-fed, 
unpolluted, flowing stream in young secondary forest with coniferous and deciduous 
trees, below the water surface on the mosses and stones (–10 cm), pH 8.4. 
Reference Strain: Cyanomargarita melechinii APA-RS9, deposited in the 
Cyanobacterial Culture Collection at John Carroll University. 
Notes: According to morphology, most similar to the poorly known taxon, 
Rivularia compacta Collins in Collins et al. 1898, described from Northern America, 
from which it differs by larger size of the filaments and trichomes, as well as geminate 
branching and character of the sheath (Komárek 2013). 
Cyanomargarita calcarea Shalygin, Shalygina et Bohunicka sp. prov.  
Diagnosis: Akin to C. melechinii, but differing by possession of brownish sheaths 
closely attached to the trichomes, with longer hairs, with arthrospores, and with longer 
spacer regions flanking the tRNAIle region in the 16S-23S ITS, with percent similarity 
between ITS sequences of both species > 90.00%.  
Description: Cultures (Figs 7, 8)  ̶  Macroscopic colonies dark-green to olive-
green when old, radiating far from colony center, with several filaments erect from agar, 
in liquid medium forming hemispherical colonies with parallel and radial arranged 
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filaments. Filaments relatively long, entangled, sometimes irregularly coiled or screw-
like coiled, frequently with single- and double-false branching as well as with geminate 
loops prior to branch formation, gradually tapering from the base, 7 ̶ 12 (16) µm wide, 
rarely with basal parts of filaments onion-like swollen. Sheath in the juvenile stages 
usually colorless, soft, thin, always attached to trichomes, maximally with 2 layers, 2 µm 
wide; in senescent cultures brown to slightly reddish, firm, as a rule covering only basal 
parts of trichomes, up to 5 µm wide, sometimes forming collars. Trichomes gradually 
attenuated, constricted at the cross walls when young, unconstricted when mature, 6 ̶ 10 
µm wide, tapering to a colorless hair many cells long, (2) 2.5 ̶ 3 µm wide. Cells 
granulated, usually barrel-shaped or distinctly constricted, apical cells sometimes 
widened in comparison to adjacent subterminal cells but abruptly narrowing to a conical 
end, blue-green, bright blue-green to dark olive-green, longer than wide, isodiametric, or 
shorter than wide, longer than wide towards the ends, 2 ̶ 3.5 µm wide, 9  ̶16 µm long. 
Heterocytes basal or intercalary, 2 or 3 in a row, flattened, quadratic, or elongated oval, 
with shape spherical, hemispherical, conical, or irregular, rarely with two heterocytes side 
by side, within or outside sheath, bright brown to olive in color, 6 ̶ 12 µm wide, 9 ̶ 12 µm 
long. Arthrospores variable in shape, spherical to barrel-shaped, also irregular and 
rhomboid, typically distinctly granulated, with thin walls, blue-green, 7  ̶10 µm wide, 7 ̶ 
12 (17) µm long. Necridia present.  
Etymology: Named for its occurrence on limestone; calcareus (L) = calcareous. 
Holotype to be designated: BRY37768, Monte L. Bean Museum, Provo, Utah. 
Isotype to be designated: BRY37769, Monte L. Bean Museum, Provo, Utah. 
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Type locality: Wet limestone wall in the Sheep Creek Drainage, in the Carmel 
Formation, pH 7.9, Grand Staircase-Escalante National Monument, Utah, USA, 
37°29'06.30"N; 112°03'47.36"W. 
Reference Strain: Cyanomargarita calcarea GSE-NOS12-04C, deposited in the 
Cyanobacterial Culture Collection at John Carroll University. 
DISCUSSION 
 Originally, tapering cyanobacteria capable of producing heterocytes were placed 
either in the Rivulariaceae (Rivularia, Isactis, Brachytrichia and Gloeotrichia) or the 
Mastichotricheae (Calothrix, Dichothrix, Gardnerula (as Polythrix), and Sacconema) 
(Bornet et Flahault 1886). In the early part of the 20th century, these taxa, as well as other 
tapering taxa, including non-heterocytous forms, such as Leptochaete and Tapinothrix, 
were all placed in a single family, Rivulariaceae (Fremy 1929, Geitler 1932). The non-
heterocytous forms were removed from the family in the revision of the Nostocales 
completed by Komárek and Anagnostidis (1989) – this system continued in both 
Komárek (2013) and Komárek et al. (2014). Morphologically, these taxa are well-
defined, although the colonial morphology and production of hairs is typically lost in 
culture. The type species for Calothrix, C. confervicola Agardh ex Bornet et Flahault, has 
not yet been sequenced, and is marine in origin. The accepted type species for Rivularia, 
R. dura Roth ex Bornet et Flahualt, has also not been sequenced, and is freshwater in 
origin.  
 Confusion regarding the diagnosis of Calothrix from Rivularia clearly exists in 
the modern literature. In Bergey’s Manual of Systematic Bacteriology (Second Edition), 
the reference strains for Calothrix are all freshwater in origin (Rippka et al. 2001a), 
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whereas the three reference strains for Rivularia are all from saline habitats (Rippka et al. 
2001b). This ecological niche is the opposite of what one would expect based on the type 
ecology of the species. Subsequent to Rippka et al.’s (2001a, 2001b) work, more 
sequences in the tapering group were found (Sihvonen et al. 2007), yielding a phylogeny 
with four groups: 1) Rivularia, mostly from marine habitats, including the Bergey’s 
Manual reference strain Rivularia PCC 7716 (Rippka et al. 2001b), 2) Calothrix marine 
clade I, 3) Calothrix marine clade II, 4) Calothrix freshwater clade, and 5) Gloeotrichia 
clade. Berrendero et al. (2008) confirmed this result (although Gloeotrichia was not in 
their phylogeny), but showed that all three marine clades had at least some strains 
assigned to Calothrix and some strains assigned to Rivularia. In subsequent papers 
(Berrendero Gómez et al. 2016, León-Tejera et al. 2016), the five clades noted by 
Sihvonen et al. (2007) persisted in the phylogenetic analyses based on larger taxon sets. 
Our 16S rRNA phylogeny has the most taxa, and these five clades persist in our 
phylogeny as well (Fig. 1; Fig S1(A,B,C,D)). 
Although some confusion persists in the names assigned to strains in culture 
collections, the identity of these five clades is fairly stable. We suspect that the type for 
Calothrix, when it is isolated and sequenced, will fall within one of the marine Calothrix 
clades (Clade I or Clade II); Rivularia dura, when sequenced, will fall in the Rivularia 
clade defined in Berrendero Gómez et al. (2016) and León-Tejera et al. 2016. 
Gloeotrichia has already been moved to another family, the Gloeotrichaceae (Komárek et 
al. 2014). We anticipate that Calothrix-like taxa (Freshwater, Marine I, Marine II) likely 
will be revised and separated into three genera and placed in their own families, separate 
from the Rivulariaceae (Fig. 1). Based on either morphology or phylogeny, 
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Cyanomargarita does not fall into any previously described families, and will be placed 
in the Cyanomargaritaceae.  
 Much of the confusion in cyanobacterial taxonomy today is the result of the 
assumptions by earlier authors that a number of morphological features evolved within 
the phylum only once, or at best only a few times. Tapering trichomes inhabiting soft 
mucilage to form adherent colonies, false branching, and true branching were all 
characteristics that were thought to be significant and sufficient to group taxa into 
relatively few higher level taxa. We now know that these derived characters have arisen 
multiple times through the process of convergent evolution. Tapering trichomes occur in 
very phylogenetically distant and diverse groups: Rivularia, Isactis, Kyrtuthrix, 
Scytonematopsis, and Brachytrichia, in the Rivulariaceae; Calothrix, Dichothrix and 
Macrochaete in the Mastichotricheae (which will need renaming), Roholtiella and 
Calochaete in the Fortiaceae, Gloeotrichia in the Gloeotrichaceae, Goleter in the 
Nostocaceae, and Cyanomargarita in the Cyanomargaritaceae, indicating that tapering 
likely arose independently in the Nostocales at least six times. 
 True-branching was similarly considered to have been a unique feature that arose 
only once in the heterocytous cyanobacteria, and all true-branching forms were at one 
time in the Stigonematales. Based on molecular data, we now know that true branching 
occurs in the Scytonemataceae (Symphyonemopsis and Iphinoe), Stigonemataceae 
(Stigonema), Tolypothricaceae (Rexia), and Hapalosiphonaceae (Hapalosiphon, 
Fischerella, Westiellopsis and Nostochopsis, etc.), indicating this character arose at least 
four times. Indeed, in the Cyanomargaritaceae, cell division in two planes is present in 
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both species, and this is a prerequisite character to true-branching, although at present we 
have only seen the phenomenon in the basal cells of the trichomes in culture material. 
Polyphyly in cyanobacterial genera should not be a surprise.  Given that relatively 
few characters were given inordinate weight by early taxonomists, thinking that these 
characters could arise independently did not seem parsimonious or likely.  However, with 
a molecular understanding, we realize that many supposed synapomorphies in 
cyanobacteria are actually not homologous characters. It seems apparent that they are 
useful in the definition of genera, where they appear to be consistent across the entire 
group, but they fail in the definition of higher-level taxa. The exception appears to be the 
formation of heterocytes and akinetes, which are restricted to the Nostocales and 
therefore likely arose only once.  
Given the convergence of morphological traits in evolutionarily-distant lineages, 
the use of molecular sequence data to define family- and order-level taxa is likely going 
to increase. The morphological definition of families will likely be replaced by a 
phylogenetic definition (a monophyletic cluster of genera). This is already happening in 
other algal groups, such as the Sphaeropleales (Fučíková et al. 2014). We anticipate that 
as more molecular sequence data become available for more genera, the difficulty in 
using existing family-level taxonomy will increase in many algal groups, including 
cyanobacteria, and more families will be described and recognized in order to maintain 
monophyly and to stabilize taxonomy. These families will, unfortunately, often be 
difficult to characterize morphologically, and so will lose their meaning and value to the 
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taxonomic novice. However, a taxonomic system consistent with evolutionary history has 
long been the goal of taxonomists. 
LITERATURE CITED 
Berrendero, E., Perona, E. & Mateo, P. 2008. Genetic and morphological characterization 
of Rivularia and Calothrix (Nostocales, Cyanobacteria) from running water. Int. 
J. Syst. Evol. Microbiol. 58:447–60. 
Berrendero, E., Perona, E. & Mateo, P. 2011. Phenotypic variability and phylogenetic 
relationships of the genera Tolypothrix and Calothrix (Nostocales, Cyanobacteria) 
from running water. Int. J. Syst. Evol. Microbiol. 61:3039–51. 
Berrendero Gómez, E., Johansen, J. R., Kaštovský, J., Bohunická, M. & Čapková, K. 
2016. Macrochaete gen. nov. (Nostocales, Cyanobacteria), a taxon 
morphologically and molecularly distinct from Calothrix. J. Phycol. 52:638–55. 
Bornet E. & Flahault C. 1886–1888. Revision des Nostocacées hétérocystées. Ann. Sci. 
Nat. Bot. Biol. 7, Ser. 3:323–81, 4:343–73, 5:51–129, 7:177–262 [Reprint 1959, J. 
Crammer, Weinheim]. 
Boyer, S. L., Johansen, J. R. & Flechtner, V. R. 2002. Phylogeny and genetic variance in 
terrestrial Microcoleus (Cyanophyceae) species based on sequence analysis of the 
16S rRNA gene and associated 16S–23S ITSregion. J. Phycol. 38:1222–35. 
Carmichael, W. W. 1986. Isolation, culture, and toxicity testing of toxic freshwater 
cyanobacteria (blue-green algae). In Shilov, V. [Ed.] Fundamental Research in 
Homogenous Catalysis 3. Gordon & Breach, New York, pp. 1249–62. 
21 
 
Casamatta, D. A., Vis, M. L. & Sheath, R. G. 2003. Cryptic species in cyanobacterial 
systematics: a case study of Phormidium retzii (Oscillatoriales) using RAPD 
molecular markers and 16S rDNA sequence data. Aquat. Bot. 77:295–309. 
da Silva Malone C. F., Rigonato J., Laughinghouse H. D., Schmidt É. C., Bouzon Z. L., 
Wilmotte A., Fiore M. F. & Sant'Anna C. L. 2015. Cephalothrix gen. nov. 
(Cyanobacteria): towards an intraspecific phylogenetic evaluation by multilocus 
analyses. Int. J. Syst. Evol. Microbiol. 65:2993–3007. 
Darriba, D., Taboada, G. L., Doallo, R. & Posada, D. 2012. jModel-Test2: more models, 
new heuristics and parallel computing. Nat. Methods. 9:772–72. 
Dvořák, P., Jahodárová, P. H., Gusev, E. & Pouliková, A. 2015. A new tropical 
cyanobacterium Pinocchia polymorpha gen. et sp. nov. derived from the genus 
Pseudanabaena. Fottea 15:113–20. 
Erwin, P. M. & Thacker, R. W. 2008. Cryptic diversity of the symbiotic cyanobacterium 
Synechococcus spongiarum among sponge hosts. Mol. Ecol. 17:2937–47. 
Fawley M. W., Fawley K. P., & Owen H. A. 2005. Diversity and ecology of small 
coccoid green algae from Lake Itasca, Minnesota, USA, including Meyerella 
planktonica, gen. et sp. nov. Phycologia 44:35–48. 
Fawley, K. P. & Fawley, M. W. 2007. Observations on the diversity and ecology of 
freshwater Nannochloropsis (Eustigmatophyceae), with descriptions of new taxa. 
Protist 158:325–36. 
22 
 
Fawley, M. W., Fawley, K. P. & Hegewald, E. 2011. Taxonomy of Desmodesmus 
serratus (Chlorophyceae, Chlorophyta) and related taxa on the basis of 
morphological and DNA sequence data. Phycologia 50:23–56. 
Fawley, M. W., Jameson, I. & Fawley, K. P. 2015. The phylogeny of the genus 
Nannochloropsis (Monodopsidaceae, Eustigmatophyceae), with descriptions of N. 
australis sp. nov. and Microchloropsis gen. nov. Phycologia 54:545–52. 
Flechtner, V. R., Boyer, S. L., Johansen, J. R. & DeNoble, M. L. 2002. Spirirestis 
rafaelensis gen. et sp. nov. (Cyanophyceae), a new cyanobacterial genus from 
desert soils. Nova Hedwigia 74:1–24. 
Frémy, P.1929. Les Nostocacées de la Normandie. Not. Mem. Doc. Soc. Agric. Archéol. 
Hist. nat. Manche 41:197–228. 
Fučíková, K, Lewis P. O., Lewis L. A. 2014. Putting incertae sedis taxa in their place: a 
proposal for ten new families and three new genera in Sphaeropleales 
(Chlorophyceae, Chlorophyta). J. Phycol. 50:14–25. 
Geitler, L. 1932. Cyanophyceae. In Rabenhorst, L. [Ed.] Kryptogamenflora von 
Deutschland, Österreich und der Schweiz. Akademische Verlagsgesells-chaft m. 
b. H., Leipzig, 1196 pp. 
Hasler, P., Dvorák, P., Poulícková, A. & Casamatta, D. A. 2014. A novel genus 
Ammassolinea gen. nov. (Cyanobacteria) isolated from subtropical epipelic 
habitats. Fottea 14:241–48. 
23 
 
Hauer, T., Mareš, J., Bohunická, M., Johansen, J. R. & Berrendero-Gomez, E. 2014. 
Heterogeneity of the cyanobacterial genus Microchaete: reassessment of the 
family Microchaetaceae and establishment of new families Tolypothrichaceae and 
Godleyaceae. J. Phycol. 50:1089–100. 
Hentschke G. S., Johansen, J. R., Piestrasiak, N., Fiore M. F, Rigonato J, Sant'Anna C. L. 
& Komárek J. 2016. Phylogenetic placement of Dapisostemon gen. nov. and 
Streptostemon, two tropical heterocytous genera (Cyanobacteria). Phytotaxa 
245:129–43. 
Johansen, J. R., Bohunická, M., Lukešová, A., Hrčková, K., Vaccarino, M. A. & 
Chesarino, N. M. 2014. Morphological and molecular characterization within 26 
strains of the genus Cylindrospermum (Nostocaceae, Cyanobacteria), with 
descriptions of three new species. J. Phycol. 50:187–202. 
Joyner, J. J., Litaker, R. W. & Paerl, H. W. 2008. Morphological and genetic evidence 
that the cyanobacterium Lyngbya wollei (Farlow ex Gomont) Speziale and Dyck 
encompasses at least two species. Appl. Environ. Microbiol. 74:3710–17. 
Karnkowska-Ishikawa, A., Milanowski, R., Kwiatowski, J. & Zakryś, B. 2010. 
Taxonomy of Phacus oscillans (Euglenaceae) and its close relatives - balancing 
morphological and molecular features. J. Phycol. 46:172–82. 
Kaštovský, J., Berrendero Gomez, E., Hladil, J. & Johansen, J. R. 2014. Cyanocohniella 
calida gen. nov. et spec. nov. (Cyanobacteria: Aphanizomenonaceae) a new 
cyanobacterium from the thermal springs from Karlovy Vary, Czech Republic. 
Phytotaxa 181:279–92. 
24 
 
Kim, J. I., Triemer, R. E. & Shin, W. 2010. Multigene analyses of photosynthetic 
euglenoids and new family, Phacaceae (Euglenales). J. Phycol. 46:1278–87. 
Kim, J. I., Shin, W. & Triemer, R. E. 2013. Phylogenetic reappraisal of the genus 
Monomorphina (Euglenophyceae) based on molecular and morphological data. J. 
Phycol. 49:82–91. 
Komárek, J. & Anagnostidis, K. 1989. Modern approach to the classification system of 
Cyanophytes 4 - Nostocales. Arch. Hydrobiol. Suppl. 82:247–345. 
Komárek, J. 2013. Cyanoprokaryota 3. Teil/3rd Part: Heterocytous genera. In Büdel, B., 
Gärtner, G., Krienitz, L. & Schagerl, M. [Eds.] Süβwasserflora von Mitteleuropa 
19/3. Elsiver GmbH, Spektrum Akademischer Verlag, Munich, Germany, 1130 
pp. 
Komárek, J., Kaštovský, J., Mareš, J. & Johansen, J. R. 2014. Taxonomic classification 
of cyanoprokaryotes (cyanobacterial genera) 2014 according to the polyphasic 
approach. Preslia 86:295–335. 
Kosmala, S., Milanowski, R., Brzóska, K., Pękala, M., Kwiatowski, J. & Zakryś, B. 
2007. Phylogeny and systematic of the genus Monomorphina (Euglenaceae) 
based on morphological and molecular data. J. Phycol. 43:171–85. 
Kosmala, S., Karnkowska-Ishikawa, A., Milanowski, R., Kwiatowski, J. & Zakryś, B. 
2009. Phylogeny and systematics of Euglena (Euglenaceae) species with axial, 
stellate chloroplasts based on morphological and molecular data–new taxa, 
emended diagnoses, and epitypifications. J. Phycol. 45:464–81. 
25 
 
Kotai, J. 1972. Instructions for Preparation of Modified Nutrient Solution Z8 for Algae. 
Norwegian Institute for Water Research, publication B11/69, Oslo, Blindern, 5 
pp. 
León-Tejera, H., González- Resendiz, L., Johansen, J. R., Segal-Kischinevsky, C., 
Escobar, V. & Alba Lois, L. 2016. Phylogenetic position reevaluation of 
Kyrtuthrix and description of a new species K. huatulcensis from Mexico´s 
Pacific coast. Phytotaxa 278:1–18. 
Linton, E. W., Karnkowska-Ishikawa, A., Kim, J. I., Shin, W., Bennett, M., Kwiatowski, 
J., Zakryś, B. & Triemer, R. E. 2010. Reconstructing euglenoid evolutionary 
relationships using three genes: nuclear SSU and LSU, and chloroplast 16S rDNA 
sequences and the description of Euglenaria gen. nov. (Euglenophyta). Protist 
161:603–19. 
Lukešová, A., Johansen, J. R., Martin, M. P. & Casamatta, D. A. 2009. Aulosira 
bohemensis sp. nov.: further phylogenetic uncertainty at the base of the 
Nostocales (Cyanobacteria). Phycologia 48:118–29. 
Marin, B., Palm, A., Klingberg, M. & Melkonian, M. 2003. Phylogeny and taxonomic 
revision of plastid-containing euglenophytes based on SSU rDNA sequence 
comparisons and synapomorphic signatures in the SSU rRNA secondary 
structure. Protist 154:99–145. 
McNeill, J., Barrie, F. R., Buck, W. R., Demoulin, V., Greuter, W., Hawksworth, D. L., 
Herenden, P. S., Jnapp, S., Marhold, K., Prado, J., Prud’Homme van Reine, W. F., 
Smith, G. F., Wiersema, J. H. & Turland, N. J. 2012. International Code of 
26 
 
Nomenclature for Algae, Fungi and Plants (Melbourne Code). Regnum Vegetabile 
154. Koeltz Scientific Books.  
Melechin, A. V., Davydov, D. A., Shalygin, S. S. & Borovichev, E. A. 2013. Open 
information system on biodiversity cyanoprokaryotes and lichens CRIS 
(Cryptogamic Russian Information System). Bulleten MOIP 118:51–6 [In 
Russian]. 
Miller, M. A., Pfeiffer, W. & Schwartz, T. 2012. The CIPRES science gateway: enabling 
high-impact science for phylogenetics researchers with limited resources. 
Proceedings of the 1st Conference of the Extreme Science and Engineering 
Discovery Environment: Bridging from the extreme to the campus and beyond. 
ACM, Chicago, Illinois, pp. 1–8. 
Miscoe, L. H., Johansen, J. R., Vaccarino, M. A., Pietrasiak, N. & Sherwood, A. R. 2016. 
The diatom flora and cyanobacteria from caves on Kauai, Hawaii. II. Novel 
cyanobacteria from caves on Kauai, Hawaii. Bibl. Phycol. 123:75–152. 
Mühlsteinová, R., Johansen, J. R., Piestrasiak, N. & Martin, M. P. 2014a. Polyphasic 
characterization of Kastovskya adunca gen. nov. et comb. nov. (Cyanobacteria: 
Oscillatoriales), from desert soils of the Atacama Desert, Chile. Phytotaxa 
163:216–28. 
Mühlsteinová, R., Johansen, J. R., Piestrasiak, N., Martin, M. P. & Osorio-Santos, K. 
2014b. Polyphasic characterization of Trichocoleus desertorum sp. nov. 
(Pseudanabaenales, Cyanobacteria) from desert soils and phylogenetic placement 
of the genus Trichocoleus. Phytotaxa 163:241–61. 
27 
 
Osorio-Santos, K., Pietrasiak, N., Bohunická, M., Miscoe, L. H., Kováčik, L., Martin, M. 
P. & Johansen, J. R. 2014. Seven new species of Oculatella (Pseudanabaenales, 
Cyanobacteria). Eur. J. Phycol. 49:450–70. 
Patzelt, D. J., Hodač, L., Friedl, T., Pietrasiak, N. & Johansen, J. R. 2014. Biodiversity of 
soil cyanobacteria in the hyper-arid Atacama Desert, Chile, assessed by culture 
dependent and independent approaches. J. Phycol. 50:698–710. 
Perkerson, R. B. III, Johansen, J. R, Kovácik, L., Brand, J., Kaštovský, J. & Casamatta, 
D. A. 2011. A unique pseudanabaenalean (cyanobacteria) genus Nodosilinea gen. 
nov. based on morphological and molecular data. J. Phycol. 47:1397–412. 
Pietrasiak, N., Mühlsteinová, R., Siegesmund, M. A. & Johansen, J. R. 2014. 
Phylogenetic placement of Symplocastrum (Phormidiaceae, Cyanophyceae) with 
a new combination S. californicum and two new species: S. flechtnerae and S. 
torsivum. Phycologia 53:529–41. 
Premanandh, J., Priya, B., Prabaharan, D. & Uma, L. 2009. Genetic heterogeneity of the 
marine cyanobacterium Leptolyngbya valderiana (Pseudanabaenaceae) evidenced 
by RAPD molecular markers and 16S rDNA sequence data. J. Plankton. Res. 
31:1141–50. 
Řehaková, K., Johansen, J. R., Bowen, M. B., Martin, M. P. & Sheil, C. A. 2014. 
Variation in secondary structure of the 16S rRNA molecule in cyanobacteria with 
implications for phylogenetic analysis. Fottea 14:161–78. 
28 
 
Reñé, A., Garcés, E. & Camp, J. 2013. Phylogenetic relationships of Cochlodinium 
polykrikoides Margalef (Gymnodiniales, Dinophyceae) from the Mediterranean 
Sea and the implications of its global biogeography. Harmful Algae 25:39–46. 
Rippka R, Castenholz R. W. & Herdman M. 2001a. Form-genus I Calothrix. Bergey’s 
Manual of Systematic Bacteriology, Vol. 1 (Boone D.R. & Castenholz R.W., eds), 
pp. 582–585. Springer, New York.  
Rippka R, Castenholz R. W. & Herdman M. 2001b. Form-genus II Rivularia. Bergey’s 
Manual of Systematic Bacteriology, Vol. 1 (Boone D.R. & Castenholz R.W., eds), 
pp. 586–587. Springer, New York. 
Roeselers, G., Stal, L. J., Van Loosdrecht, M. C. & Muyzer, G. 2007. Development of a 
PCR for the detection and identification of cyanobacterial nifD genes. J. 
Microbiol. Meth. 70:550–6. 
Roldán, M., Ramírez, M., del Campo, J., Hernández-Mariné, M. & Komárek J. 2012. 
Chalicogloea cavernicola gen. nov., sp. nov. (Chroococcales, Cyanobacteria), 
from low-light aerophytic environments: combined molecular, phenotypic and 
ecological criteria. Int. J. Syst. Evol. Micr. 63:2326–333. 
Rudi, K., Skulberg, O. M. & Jakobsen, K. S. 1998. Evolution of cyanobacteria by 
exchange of genetic material among phyletically related strains. J. Bacteriol. 
180:3453–61. 
29 
 
Seo, P. S. & Yokota, A. 2003. The phylogenetic relationships of cyanobacteria inferred 
from 16S rRNA, gyrB, rpoC1 and rpoD1 gene sequences. J. Gen. Appl. 
Microbiol. 49:191–203. 
Siegesmund, M. A., Johansen, J. R., Karsten, U. & Friedl, T. 2008. Coleofasciculus gen. 
nov. (Cyanobacteria): morphological and molecular criteria for revision of the 
genus Microcoleus Gomont. J. Phycol. 44:1572–82. 
Sihvonen, L. M., Lyra, C., Fewer, D. P., Rajaniemi-Wacklin, P., Lehtimaki, J. M., 
Wahlsten, M. & Sivonen, K. 2007. Strains of the cyanobacterial genera Calothrix and 
Rivularia isolated from the Baltic Sea display cryptic diversity and are distantly 
related to Gloeotrichia and Tolypothrix. FEMS. Microbiol. Ecol. 61:74–84. 
Song, G., Xiang, X., Wang, Z. and Li, R. 2015. Polyphasic characterization of Stigonema 
dinghuense, sp. nov. (Cyanophyceae, Nostocophycidae, Stigonemaceae), from 
Dinghu Mountain, south China. Phytotaxa 213:212–24. 
Stackebrandt, E. & Goebel, B. M. 1994. Taxonomic note: a place for DNA-DNA 
reassociation and 16S rRNA sequence analysis in the present species definition in 
bacteriology. Int. J. Syst. Bacteriol. 44:846–9. 
Swofford, D. L. 2002. PAUP*: Phylogenetic Analysis Using Parsimony (*and Other 
Methods) Version 4. Sinauer Associates, Sunderland, MA. 
Tamura, K., Stecher, G., Peterson, D., Filipski, A. & Kumar, S. 2013. MEGA6: 
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30:2725–9. 
30 
 
Zuker, M. 2003. Mfold web server for nucleic acid folding and hybridization prediction. 
Nucl. Acids Res. 31:3406–15. 
Ta
ble
 1.
 N
uc
leo
tid
e l
en
gth
s o
f t
he
 16
S–
23
S I
TS
 re
gio
n o
f v
ari
ou
s g
en
era
 re
pre
sen
tin
g d
ive
rse
 fa
mi
lie
s i
n t
he
 N
os
toc
ale
s. 
Bo
th 
sp
ec
ies
 of
 C
ya
no
ma
rg
ar
ita
 la
ck
ed
 tR
NA
Al
a  g
en
e, 
co
ns
eq
ue
ntl
y t
he
 se
gm
en
t a
fte
r t
he
 tR
NA
Ile
 is
 Sp
ac
er+
Bo
x-B
+S
pa
ce
r. I
n t
ax
a 
lac
kin
g b
oth
 tR
NA
 ge
ne
s (
las
t th
ree
 in
 lis
t),
 Sp
ac
er+
D3
+s
pa
ce
r w
en
t a
ll t
he
 w
ay
 to
 th
e B
ox
-B
 he
lix
, s
o t
he
re 
wa
s n
o s
pa
ce
r 
pre
ce
din
g t
he
 B
ox
-B
 he
lix
 in
 Sp
ac
er+
Bo
x-B
+S
pa
ce
r f
or 
tho
se 
tax
a. 
St
ra
in 
Leader 
D1- xileh 1D  
2D+recapS  
recaps+3D+recapS  
tRNAIle gene 
recaps +2V+recapS  
tRNAAla gene 
Spacer+ Box-
B+spacer 
BoxA 
D4+spacer 
STI fo gnidne+3V  
Total length 
Cy
an
om
ar
ga
rit
a m
ele
ch
ini
i O
P1
 
7 
64
 
34
 
73
 
74
 
-
- 
13
9 
11
 
25
 
86
 
51
3 
Cy
an
om
ar
ga
rit
a m
ele
ch
ini
i O
P2
7
64
34
66
74
-
- 
13
8
11
25
81
50
0
Cy
an
om
ar
ga
rit
a m
ele
ch
ini
i O
P3
7
63
34
71
74
-
- 
13
9
11
25
80
50
4
Cy
an
om
ar
ga
rit
a c
alc
ar
ea
 O
P1
8
64
33
77
74
-
- 
17
6
11
26
90
55
9
Cy
an
om
ar
ga
rit
a c
alc
ar
ea
 O
P1
8
64
33
79
74
-
- 
17
6
11
26
90
56
1
To
lyp
oth
rix
 di
sto
rta
 A
CO
I 7
31
8
66
36
15
74
-
- 
22
4
11
22
87
54
2
Ri
vu
lar
ia 
sp
. P
CI
18
5B
 PU
NA
 N
P3
9
64
39
19
74
56
73
80
11
38
88
55
1
Ro
ho
lti
ell
a e
da
ph
ica
 L
G-
S1
1
8
67
32
14
74
82
73
17
0
11
27
11
5
67
2
Sp
iri
re
sti
s r
afa
ele
ns
is 
W
JT
-71
-N
PB
G6
 
8
66
33
16
74
60
73
75
11
26
60
50
1
Cy
lin
dr
os
pe
rm
op
sis
 ra
cib
or
sk
ii K
LL
07
 
8
64
34
11
74
3
73
55
11
23
38
39
4
Gl
oe
otr
ich
ia 
pis
um
 SL
6-1
-1
8
64
31
44
-
- 
-
45
 
11
 
25
 
49
 
27
7
Ca
lot
hr
ix 
pa
rie
tin
a 1
02
-2B
7
66
30
45
-
- 
-
53
 
11
 
25
 
92
 
32
9
Sc
yto
ne
ma
 cf
. c
ris
pu
m 
U5
5-M
K3
8 
9
82
33
45
-
- 
-
50
 
11
 
28
 
71
 
32
9
31
Ta
ble
 2.
 Pe
rce
nt 
16
S r
RN
A 
sim
ila
rit
y (
ba
sed
 on
 p-
dis
tan
ce
) o
f s
om
e t
ap
eri
ng
 re
pre
sen
tat
ive
s o
n N
os
toc
ale
s, 
inc
lud
ing
 
Cy
an
om
ar
ga
rit
a s
pp
. 
Str
ain
s 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1. 
Cy
an
om
ar
ga
rit
a m
ele
ch
ini
i A
PA
-R
S9
 
 
 
 
 
 
 
 
 
 
2. 
Cy
an
om
ar
ga
rit
a c
alc
ar
ea
 G
SE
-N
OS
12
-04
C 
99
.05
 
 
 
 
 
 
 
 
 
3. 
Ri
vu
lar
ia 
sp
. P
CI
18
5B
 PU
NA
 N
P3
 
92
.84
 
92
.75
 
 
 
 
 
 
 
 
4. 
Sc
yto
ne
ma
top
sis
 co
nto
rta
 H
A4
29
2-M
V4
 
92
.32
 
92
.28
 
91
.81
 
 
 
 
 
 
 
5. 
M
ac
ro
ch
ae
te 
sa
nta
nn
ae
 K
T3
36
44
1 
93
.89
 
94
.38
 
93
.26
 
91
.16
 
 
 
 
 
 
6. 
Gl
oe
otr
ich
ia 
pis
um
 SL
6-1
-1 
95
.44
 
95
.31
 
93
.34
 
92
.16
 
92
.34
 
 
 
 
 
7. 
Ro
ho
lti
ell
a e
da
ph
ica
 L
G-
S1
1 
95
.35
 
95
.08
 
93
.59
 
93
.58
 
94
.03
 
97
.45
 
 
 
 
8. 
Ca
lot
hr
ix 
sp
. P
CC
63
03
 (M
ari
ne
) 
92
.11
 
92
.39
 
91
.64
 
91
.07
 
91
.73
 
91
.88
 
92
.73
 
 
 
9. 
Ca
lot
hr
ix 
sp
. P
CC
77
15
 (F
res
hw
ate
r) 
91
.94
 
92
.44
 
91
.28
 
91
.44
 
92
.72
 
91
.78
 
92
.44
 
90
.95
 
 
10
. S
cy
ton
em
a c
f. c
ris
pu
m 
UC
FS
21
 
95
.34
 
95
.43
 
92
.90
 
93
.46
 
95
.14
 
95
.70
 
95
.15
 
93
.66
 
93
.40
 
 
32
33 
 
FIGURE LEGENDS 
Fig. 1. Bayesian phylogeny for Cyanomararita spp. within Nostocales based on a 
maximum of 1495 nucleotides from the 16S rRNA gene (254 OTUs). Branch support 
values are shown as Bayesian posterior probability. Two species of Cyanomargarita are 
highlighted in bold, the Rivulariaceae and Cyanomargaritaceae clades are highlighted in 
dark gray boxes; remaining family-level clades are highlighted with light grey boxes. 
Drawings of the spherical colonies in the right part of the boxes indicates tapering 
filaments showing similar morphology between Cyanomargarita and Rivularia. 
Fig. 2. Bayesian phylogeny for Cyanomararita spp. within Nostocales based on a 
maximum of 600 nucleotides from the rbcLX region (86 OTUs). Branch support values 
are shown as Bayesian posterior probability. Branch support values are shown as 
Bayesian posterior probability. Two species of Cyanomargarita are highlighted in bold, 
the Rivulariaceae and Cyanomargaritaceae clades are highlighted with dark gray boxes. 
Drawings of the spherical colonies in the right part of the boxes indicates tapering 
filaments showing similar morphology between Cyanomargarita and Rivularia. 
Fig. 3. Secondary structures of the 16S–23S ITSregion from both species. OP stands for 
different operons, with three operons recovered from C. melechinii and one operon from 
C. calcarea. Arrows on C. calcarea structures indicate base changes from the 
homologous operon 1 for C. melechinii. 
Fig. 4. Photographs and light micrographs of C. melechinii from natural populations (A) 
Habitat. (B) Underwater spherical and hemi-spherical macrocolonies on the Fontinalis 
sp. stems. (C) Colonial growth of radially arranged filaments. (D and E) Multiple 
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filaments with funnel-like widened sheaths and variably-shaped heterocytes. (F) 
Distinctly lamellated sheath and clear constrictions at branching trichome.  
Fig.5. Line drawings of C. melechinii from natural populations. (A) Underwater colonies 
on stones and mosses. (B) Spherical macrocolonies on mosses leaf. (C and D) Filaments 
forming tufts within colony. (E) Single filaments with false branching, firm sheath, and 
constrictions at crosswalls. (F) Variably-shaped heterocytes. Numerals indicate 
diagnostic characteristics used in species description: 1, Filament without constrictions; 
2, sheath with wavy striations; 3, funnel-like widened sheaths; 4, two heterocytes in the 
row; 5, intercalary involution cells; 6, juvenile single trichome without individual sheath; 
7, geminate branching on juvenile single trichome; 8, two necridia in a row; 9, different 
shaped heterocytes; 10, thin apical hairs. 
Fig. 6. Light micrographs of C. melechinii from cultures. (A) Tapinothrix clintonii like 
stages. (B) Spiraled and very entangled filaments. (C) Huge nodule from liquid medium. 
(D) Single, double and geminate branching types. (E) Unusual cell division in the 
perpendicular plane, dark-olive resting cells and strange endings of trichomes. (F) 
Variably-shaped heterocytes. 
Fig. 7. Line drawings of C. calcarea from cultures. (A) Initial stages with hormogonium 
(arrow) and single filaments without sheaths. (B) An isopolar filament divided by 
intercalary heterocyte formation into two heteropolar filaments within a common sheath. 
(C) Entangled filaments in stationary phase, with separation of arthrospores indicated by 
arrows (that will grow into new filaments, D). (D) Arthrospores, germinating to form 
juvenile filaments. (E) Variably-shaped heterocytes. 
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Fig. 8. Light micrographs of C. calcarea from cultures. (A) Macrocolonies on agar 
surface. (B) Entangled filaments with single and double false branching. (C) Individual 
filaments with variably-shaped arthospores (arrows). (D) Mature filaments with intensely 
brown sheath. (E and F). Variably-shaped heterocytes on well granulated trichomes.  
Fig. S1 (In 4 parts :A, B, C, D). Uncollapsed Bayesian phylogeny for Cyanomararita spp. 
within Nostocales based on maximum of 1495 nucleotides from the 16S rRNA gene (254 
OTUs). Level of support (Bayesian posterior probabilities) indicated with different 
colors.  
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Fig. S1B. 
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Fig. S1C. 
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Fig. S1D. 
